Wave propagation in a Timoshenko beam model of a high rise building, excited by base 4 motion, is analyzed. This model accounts for wave dispersion due to bending and is more 5 realistic for analysis of wave propagation in high rise buildings than shear beam and other 6 discrete nondispersive models. The model transfer-functions and impulse response functions are 7 obtained from the analytical solution for forced vibration response of the beam excited by base 8 motion. The impulse response functions represent the model response to a virtual input pulse; a 9 set of such functions at different levels is used to study pulse propagation in the beam. 10
INTRODUCTION 22
Simple structural models and their analytical solutions are invaluable for the interpretation of 23 observed seismic response of full-scale structures, calibration of numerical models and testing of 24 structural system identification methods. The study was motivated by the evidence of dispersion 25 found in a structural system identification study of a 9-story reinforced concrete (RC) building 26 by a wave method . That study, which presented a new 27 algorithm for identification by least squares fit of pulses in impulse response functions, also 28
showed that fitting more realistic building models is needed to increase the spatial resolution of 29 the method and enable detecting more localized damage. Towards this goal, it is beneficial first 30 to understand the phenomena involved using simple analytical models. In this paper, we use a 31
Timoshenko beam model to get insight into dispersion in seismic wave propagation in high rise 32 buildings that is caused by bending deformation, and its effect on pulse propagation through the 33 structure. This study is an extension of studies on pulse propagation in uniform and layered 34 shear beam models (Kanai and Yoshizawa, 1963 ; Snieder and Şafak, 2006; Todorovska and 35 ). The analysis is in terms of the governing dimensionless parameters, for a range 36 of these parameters for buildings. Also, a model of an actual building is presented and compared 37 with earthquake observations. The wave dispersion is derived from the uncoupled equation of 38 motion of the beam (Timoshenko, 1921) , while pulse propagation is analyzed using impulse 39 response functions, for virtual source at base and at top (Snieder and Şafak, 2006) . 
, where μ is the viscosity constant, assumed to be the same for both types of 114 deformation (Prasad, 1965) . 115
Dynamic equilibrium of the beam element (Fig. 1c) 
the solution of which should satisfy the following boundary conditions 119 at 0: (1 ) (
The roots of eqn (8) give the dependence of the phase velocities/wave numbers on frequency, 127
i.e. the dispersion curves. Among the many parameters, the dispersion is governed by two 128 independent parameters, the dimensionless frequency Ω and the moduli ratio R defined as 129
(10) 131 (Mead, 1985) . We also define dimensionless damping constant 132
In terms of these parameters, the roots of eqn (8) give dimensionless wavenumbers 134
where 136
The dispersion is analyzed in the Results and Analysis section of this paper. 138
Known the wave numbers 139 
The main lobe of the sinc function has half-width
, which affects the resolving 168 power of the IRFs, as shown in Rahmani and Todorovska (2013) , and also seen in the examples. 169
RESULTS AND ANALYSIS 170
As buildings are much stiffer in the axial than in the lateral direction, we focus in this paper 171 on cases with / 1 R G E = ≤ . Also, without loss of generality, we show results for rectangular 172 cross-section, for which G k = 5/6 ≈ 0.83 is used (Weaver et al, 1989) , and for which 173
, where W is the width. 174
Dispersion 175
The dispersion curves have two branches, with undamped dimensionless wave numbers 176
corresponding to propagating waves if real. Analysis of Eqn (22) shows that 1 K is real for all 178 Ω and, therefore, transports energy through the beam, while 2 K becomes real only for 179
K is imaginary, and is associated with spatially decaying 180 waves from the location where they are generated, referred to as near field or evanescent waves 181 (Mead, 1985) . Frequency cr Ω is the natural frequency of a thickness-shear mode (Reis, 1978; Mead, 1985) . 184
This mode is characterized by rotary motion of the cross-section and zero deflection of the 185 neutral axis. 186
The corresponding phase and group velocities are 187
Eqns (23) and (24) imply that, for 1/ 1 
Transfer-Functions and Impulse Responses 217
It is also of interest how many modes of vibration are contained in the interval , and how the 218 energy is partitioned between the propagating and evanescent waves. observed TFs are those of the soil-structure system while the model is fixed-based, the observed 274 fundamental mode frequencies were corrected for shift due to soil-structure interaction, based on 275 values from soil-structure identification study of forced vibration test data (Luco et al., 1988) . 276
The input parameters are listed in Table 3 ). 280
The model and observed responses are compared in Fig. 8. Part a) Consequently, the modal frequencies are affected more by dispersion for lower modal number, 317 larger R , and larger / g H r (for which they start occurring at lower Ω ). This is illustrated in 318 Fig. 9 showing 1 / n n + Ω Ω for the first few modes based on values in Table 2 . The ratio of the 319 second to first modal frequencies is most affected by dispersion, and the degree of its deviation 320 from 3 (the value for a shear beam) is often used to assess the nature of a building from 321 measured frequencies of vibration (e.g. Boutin et al., 2005) . However, this ratio is also most 322 affected by soil-structure interaction (SSI), which also lowers the fundamental frequency (Luco 323 et al., 1988; Todorovska, 2009 ). Consequently, ignoring the effects of SSI in assessing the 324 nature of the beam from the ratio of the first two observed (apparent) frequencies would 325 overestimate the degree of bending, and, likewise, ignoring dispersion in system identification 326 would overestimate the SSI effects. Separating the two effects without additional information 327 would be difficult. Similar conclusion was reached earlier by Rahmani and Todorovska (2013) 328 in a system identification analysis of Millikan library involving fitting a nondispersive model. 329
The presented results for impulse response functions for a wider range of dimensionless 330 parameters, corresponding to buildings, showed that, despite the dispersion, prominent pulses 331 can be identified in the impulse responses in selected frequency bands, which could be used for 332 SHM. Further investigation is needed of the relationship between the measured pulse velocities 333 and the phase and group velocities, and the reliability of monitoring the pulse velocity. 334
Based on the presented parametric study and the full-scale building example, we conclude 335 that Timoshenko beam is a realistic model to study wave propagation in high rise buildings, 336 which can provided valuable insight in dispersive wave propagation in buildings, useful for 337 interpretation of recorded earthquake response of full-scale buildings, development of wave 338 based SHM methods, as well as testing numerical models for pulse propagation in buildings. 339 Table 1Dimensionless frequencies of vibration of TB for R = 0.01, 0.5 and 1, and fixed / g H r = 6. 401 Table 2 .
